Vapour liquid equilibria data for a range of new carbon dioxide absorbents  by Puxty, Graeme et al.
Available online at www.sciencedirect.com
Energy  Procedia  00 (2008) 000–000 
Energy
Procedia
www.elsevier.com/locate/XXX
 GHGT-9 
Vapour liquid equilibria data for a range of new carbon dioxide 
absorbents
Graeme Puxty, Andrew Allport and Moetaz Attalla 
CSIRO Division of Energy Technology, PO Box 330, Newcastle NSW 2300, Australia 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
Carbon dioxide (CO2) is now recognised as the greenhouse gas contributing most to global warming and implicated in climate 
change model predictions. Electricity generation from fossil fuel combustion is a major source of CO2 emissions both 
internationally (32% of total CO2 emissions) and nationally (50% of total CO2 emissions). To effectively reduce CO2 emissions 
in the short to medium term requires CO2 capture and storage from these and other point sources as a part of the solution. 
The CSIRO Division of Energy Technology has undertaken a major CO2 capture research program covering many aspects of the 
technology. On the laboratory scale, the chemical reactions involved in CO2 capture and release by chemical absorption are being 
investigated and modelled to identify where and how improvements in efficiency can be made. A large scale screening study in 
which the CO2 absorption capacity of over 100 30% w/w amine solutions at 40°C and ~13 kPa CO2 partial pressure has been 
carried out. This study has identified a number of novel amines as having outstanding CO2 carrying capacity. An apparatus has 
been developed used a stirred glass batch reactor, capable of withstanding pressures up to 1100 kPa, coupled to a pressure 
controller and gas delivery system from a high pressure reservoir. The apparatus has been used to collect vapour liquid equilibria 
(VLE) data by measurement of CO2 consumption from the high pressure reservoir. VLE data has been collected for three amines 
identified in the screening study at 1 molL-1 and 40°C over the pressure range ~0.3 to 900 kPa . The VLE results will be 
presented along with a comparison with MEA and an interpretation of the behaviour of the amines. 
© 2008 Elsevier B.V. All rights reserved 
PACS: Type pacs here, separated by semicolons ;  
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1. Introduction 
The capture, reversible release and storage of carbon dioxide (CO2) from combustion flue gases (post-combustion 
capture, PCC) is now recognised by government and industry as a viable near-term option for greenhouse gas 
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abatement [2, 3]. It is particularly relevant to electricity generation from fossil fuels (coal, oil and gas) which 
accounts for approximately 25% of global CO2 emissions [4] with this figure set to increase drastically in the next 
25 years [5]. PCC has a number of practical advantages over other methods such as oxy-firing to produce a pure 
CO2 stream and IGCC with pre-combustion capture and is of similar economic cost [6]. In particular, PCC can be 
retro-fitted to existing power stations and integrated into new ones. Additionally, the parasitic energy demand of a 
PCC plant on a power station can be reduced (at the cost of CO2 removal efficiency) according to electricity demand 
if additional electricity output is required from a power station during times of peak load or optimal electricity 
pricing. PCC is also applicable to CO2 capture from other point sources such as steel manufacturing and cement 
manufacturing. The major difference between applications is the temperature and CO2 partial pressure of the flue 
gas.
The application of PCC to combustion flue gases from electricity generation or other point sources poses a 
number of technical challenges. The main issue is the energy requirement of the process, which using current 
industry standard technology is expected to reduce the efficiency of a coal fired electricity plant by ~21% [6]. The 
main energy cost is the heat and steam required for the desorption column and to pump the absorbing solution 
around the system. By increasing the capacity of a chemical absorbent, in terms of the amount of CO2 that can be 
absorbed and desorbed per gram of solution, this energy requirement may be more than halved [7].  
In work carried out within CSIRO, Australia over 100 different amine moeties were screened for their ability to 
absorb CO2 at 40°C and a CO2 partial pressure of ~13 kPa. Eight amines were identified as showing an outstanding 
molar absorption capacity, significantly greater than others tested and greater than modeling predictions of capacity 
as a function of amine basicity. In this work more detailed characterization of three of these amines has been 
undertaken: 2-amino-2-methyl-1,3-propanediol (AMPD); A1 - a heterocyclic secondary alkanolamine; and A2 - a 
short chain tertiary alkanolamine. The vapour liquid equilibria between 1 molL-1 solutions and CO2 has been 
determined at 40°C for CO2 partial pressures covering the range 0.3 - 900 kPa using a newly setup apparatus and 
compared to monoethanolamine (MEA). This partial pressure range was chosen to provide data relevant to PCC 
from power stations, as well as PCC in other industries such as steel manufacturing where the gases may be at 
elevated pressure. 
2. Experimental 
Chemicals 
All chemical were purchased from Sigma-Aldrich with purities for MEA, AMPD, A1 and A2 of 99%, 99%, 96% 
and 99.5% respectively. They were used without further purification or preparation. 1 molL-1 aqueous amine 
solutions were prepared by weighing appropriate amounts of amine into volumetric flasks and making up to the 
mark with deionised water. Solutions were prepared freshly for the start of each experiment. 
Apparatus and Procedure 
The vapour liquid equilibria apparatus consisted of a stirred 160mL jacketed glass reactor vessel capable of 
operating at pressures up to 1100 kPa (Parr model 5104). The reactor vessel was fitted with a pressure transducer 
(Swagelok, accuracy 0.5% limit point calibration) and T-type thermocouples for high accuracy pressure and 
temperature measurements. CO2 (BOC Australia, 99.5% purity) was delivered to the reactor vessel via a Bronkhorst 
El-Press forward pressure controller supplied from a 1L high pressure CO2 reservoir (20 - 65 MPa). The reservoir 
was suspended below a balance (Mettler-Toledo model PB4002) inside a box to eliminate drafts and the mass loss 
during an experiment used to determine CO2 consumption. N2 was delivered to the reactor from a building supply 
(BOC Australia, 99.9% purity). The reactor content was thermostated by passing liquid from a water bath (Thermo) 
through the reactor jacket. A schematic of the apparatus is given in Figure 1. CO2 was delivered to the reaction 
vessel via a dip tube located adjacent to the stirrer. As the CO2 was delivered it became entrained in the stirrer 
vortex ensuring minimal mass transfer resistance and rapid absorption of the CO2.
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Experiments were completed by charging the reactor vessel with 150 mL of 1 molL-1 aqueous amine solution. 
The solution was then stirred (1500 rpm) and allowed to equilibrate to the set point temperature of 40°C. Following 
this the reactor was put under vacuum to degas the solution and remove air from the reactor vessel until all gas 
evolution ceased. The reactor was filled with 130 kPa N2 and the experiment was begun by using the pressure 
controller to deliver CO2. Depending on the desired range of the CO2 partial pressure one of the following 
procedures was used: for pressures below 25 kPa the reactor was rapidly pressurised up to 700 kPa, the gas supply 
then closed and the reactor allowed to come to equilibrium; and for pressures above 25 kPa the pressure controller 
was used to maintain a constant pressure set-point in the reactor. 
CO2 consumption was followed using either the reactor pressure or the mass loss from the high pressure CO2
reservoir with an experiment considered complete when no CO2 consumption occurred over a 20 minute period. The 
total CO2 delivered to the reaction vessel was determined by the mass change in the CO2 reservoir. The amount of 
CO2 occupying the head space of the reactor vessel was determined from the dead volume and pressure using the 
virial equation of state for CO2 [8] given in Equation 1 with the remainder assumed to have been absorbed by the 
solution. To determine the total reactor volume, including inserts, valves, etc, and thus the dead volume (liquid 
Figure 1 Schematic showing the vapour liquid equilibria apparatus used to determine CO2 loadings as a function of pressure.
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volume subtracted from the total reactor volume) a calibration was carried out in which known amounts of CO2
were introduced into the reactor by mass at five different values. Using the measured temperature and pressure the 
volume of CO2 was then determined by fitting the virial equation to the pressure versus moles of CO2.
3. Results and Discussion 
The precision and accuracy of the apparatus was validated by measuring the solubility of CO2 in water at 26°C 
and 50°C at four pressures. There is good agreement between measured and literature values as shown in Figure 2. 
This validated the ability of the apparatus to precisely determine CO2 absorption capacities of aqueous amine 
solutions. The amount of CO2 absorbed by an aqueous amine solution is much greater than pure water, and thus the 
relative error is lower compared to a solution that absorbs little CO2 such as water. 
The CO2 absorption capacities, expressed as moles of CO2 absorbed per mole of amine of the three amines and 
MEA are given in Table 1 and plotted in Figure 3 and Figure 4. Figure 3 shows the results for CO2 partial pressures 
below 100 kPa and Figure 4 for higher pressures. Literature values for AMPD are also shown. Below 100 kPa the 
absorption capacity of all the amines varied significantly with CO2 partial pressure, with molar absorption capacities 
varying between 0.2 and 0.8 for partial pressures between 0.34 and 30 kPa. This highlights the importance of 
choosing an amine with optimal behavior for the type of CO2 partial pressure range it will be exposed to in a real 
process. In particular, if absorption capacity drops off rapidly with partial pressure in part of the curve, this will limit 
the amount of CO2 removal that can be achieved with a particular amine. For example between ~3 and ~25 kPa the 
absorption capacity of MEA varies between 0.4 and 0.6. However, amine A2 varies between 0.2 and 0.8 over the 
Figure 2 Measured CO2 solubility in water at 26°C (blue diamonds) and 50°C (red squares). The solid lines are literature data from [1].
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same pressure range. This would suggest amine A2 would be better suited to CO2 removal with pressures at the mid 
to high end of this range and MEA for pressures at the low end of the range. The results for AMPD over this range 
suggest it behaves similarly to MEA between ~10 and 25 kPa but the capacity drops rapidly below this. In the range 
~25 – 100 kPa AMPD, and A2 all have absorption capacities greater than MEA. A1 and A2 have the largest 
absorption capacities in this range making them a favourable choice for moderate CO2 partial pressure applications. 
Of particular note is the amine A1, which maintained an absorption capacity greater than MEA, and greater than or 
equal to the other amines, over the entire pressure range below 100 kPa. 
Table 1 Results of molar CO2 absorption capacity as a function of pressure for 1 molL-1 aqueous amine solutions at 40°C.
 CO2 Partial Pressure (kPa) 
CO2 Absorption Capacity (moles 
CO2 / moles amine) 
3.21 0.411 
24.7 0.662 
49.8 0.750 
101 0.853 
251 0.885 
490 0.970 
monoethanolamine (MEA) 
908 1.06 
0.340 0.220 
6.20 0.356 
10.2 0.430 
24.6 0.661 
50.0 0.866 
209 0.976 
279 1.01 
580 1.10 
2-amino-2-methyl-1,3-propandiol 
(AMPD) 
881 1.16 
1.28 0.479 
12.5 0.610 
28.4 0.811 
45.7 0.948 
64.7 1.06 
119 1.11 
281 1.17 
618 1.23 
A1
882 1.28 
3.51 0.245 
8.29 0.486 
33.2 0.886 
76.0 0.984 
148 1.04 
281 1.08 
465 1.12 
680 1.19 
A2
880 1.23 
At partial pressures above 100 kPa there is little change in absorption capacity with partial pressure for all the 
amines tested. The change that occurs can be attributed to the increased solubility of CO2 in water at elevated 
pressure. At 100 kPa the solubility of CO2 in water at 40°C is 0.024 molL-1 and at 900 kPa it is 0.21 molL-1 [1]. 
AMPD, A1 and A2 all achieve absorption capacities greater than MEA. This is consistent with behaviour observed 
for CO2 solubility in aqueous MEA elsewhere [9]. The reason for this is likely to be related to the preference of 
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MEA to form a stable carbamate, while all the other amines being sterically hindered primary, secondary or tertiary 
amines respectively may not. It takes a higher CO2 partial pressure, and thus larger dissolved CO2 concentration, to 
push the CO2-MEA-H2O system to favour bicarbonate formation, and even at high pressure this is incomplete. The 
other amines, being likely to favour bicarbonate formation, achieve their maximum absorption capacity at lower 
CO2 partial pressure. 
Figure 4 Measured CO2 molar absorption capacity as a function of CO2 partial pressure above 100 kPa. Literature data is also shown for 
2-amino-2-methyl-1,3-propanediol (open red squares) as it was available at the appropriate concentration. The lines between 
points are not regression lines but are smoothed curves between points to improve readability.
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Figure 3 Measured CO2 molar absorption capacity as a function of CO2 partial pressure below 100 kPa. Literature data is also shown for 2-
amino-2-methyl-1,3-propanediol (open red squares) as it was available at the appropriate concentration. The lines between points are 
not regression lines but are smoothed curves between points to improve readability.
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In summary, A1 maintains an absorption capacity greater than or equal to all others tested over the entire 
pressure range. Over the pressure range ~10 to 25 kPa MEA and AMPD have similar CO2 absorption capacities, 
while below 10 kPa A1 and MEA has the highest capacity. A2 has an absorption capacity similar to A1 at the mid to 
high end of this range and a lower absorption capacity towards the low end. AMPD, A1 and A2 all show a higher 
absorption capacity than MEA over the range ~25 to 900 kPa. All the amine have effectively reached there 
maximum absorption capacities near 100 kPa, with increases above this pressure attributable to increased CO2
solubility in water.   
4. Conclusions 
In previous work a large scale screening study of the CO2 absorption capacity of over 100 amines at 40°C and 
CO2 partial pressure of ~13 kPa was carried with a number of amines identified as showing outstanding absorption 
capacities. In this work CO2 absorption data as a function of CO2 partial pressure for three of these amines (AMPD, 
A1 and A2) and MEA have been collected using a newly setup apparatus. It was found that the amines showed a 
large variability in their CO2 absorption capacity at CO2 partial pressures below 100 kPa. In particular AMPD and 
MEA behaved similarly at low pressure, while AMPD and A2 performed better than MEA at CO2 partial pressures 
above 25 kPa. The amine A1 maintained a CO2 absorption capacity greater than or equal to all the other amines over 
the entire pressure range. 
These results highlight the importance and need to collect CO2 absorption data in aqueous amines at a range of 
CO2 partial pressures. Such information allows prudent amine selection for different CO2 capture applications 
depending upon the CO2 partial pressure in the gas to be cleaned. In particular, to further assess these amines for 
power station flue gas applications greater resolution of data is required at CO2 partial pressures between 1.5 kPa - 
15 kPa. This information, in conjunction with absorption rate data which will be collected in future work, will allow 
selection of the best amine to meet any trade off between capital and operating costs for a CO2 capture process. 
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